Stiffness of the human Achilles tendon (AT) was determined in vivo before and after a single bout of hopping exercise. It was hypothesized, based on published data using in vitro specimens, that a reduction in AT stiffness may occur after just 1000 loading cycles at physiological stress levels. Ten healthy subjects performed two-legged hopping exercise consisting of 1150-2600 high impacts. Tendon stiffness was determined in several isometric ramp contractions [20%, 40%, 60%, 80% and 100% maximum voluntary contraction (MVC)] during which tendon elongation was measured using ultrasonography and two cameras. Tendon force was calculated by dividing measured ankle torque by magnetic resonance imaging-derived AT lever arm length. Tendon stiffness remained unchanged, being 430±200Nmm -1 before and 390±190Nmm -1 after the exercise [not significant (n.s.)]. Despite the lack of changes in stiffness, maximum tendon force during MVC was reduced from 3.5±0.6kN to 2.8±0.7kN (P<0.01). As the proposed decline in stiffness was not observed, it is concluded that mechanical fatigue did not take place in the AT of healthy individuals after a single bout of high-impact exercise performed until exhaustion.
INTRODUCTION
Both animal and human tendons have been shown to fatigue in vitro under continuous static or cyclic loading. In vitro, fatigue is often expressed as a decrease in the ultimate stress of a tendon; the stress that the tendon can bear without rupture. When rupture occurs after static loading, it is referred to as a creep rupture, and when it occurs after cyclic loading, it is known as a fatigue rupture. Creep or fatigue ruptures have been demonstrated in wallaby tendons (Wang and Ker, 1995a; Wang et al., 1995b; Ker et al., 2000) and in sheep tendons , fatigue ruptures in human extensor digitorum longus (EDL) tendons (Schechtman and Bader, 1994; Schechtman and Bader, 1997; Schechtman and Bader, 2002) , and creep and fatigue ruptures in human Achilles tendons (AT) (Wren et al., 2003) . However, ultimate stress is not a valid parameter to describe tendon fatigue in living tissue. Fortunately, most authors have concluded that the slope of the linear region of the stress-strain curve, known as Young's modulus, is an excellent indicator of tendon fatigue. At the instant of rupture, Young's modulus has been shown to decrease to approximately half of its original value (Schechtman and Bader, 2002; Wren et al., 2003) .
Instead of Young's modulus, tendon stiffness is often used in in vivo studies to quantify tendon fatigue. The difference between stiffness and Young's modulus is that tendon stiffness depends on both material properties and dimensions of the tendon whereas Young's modulus is determined by material properties alone. In terms of stiffness, if fatigue is induced, tendon stiffness decreases, and inversely, tendon compliance increases.
An increase in tendon and aponeurosis compliance in vivo was first reported by Kubo and colleagues (Kubo et al., 2001a; Kubo et al., 2001b; Kubo et al., 2005) in vastus lateralis (VL) muscle after isometric contractions. By contrast, no changes in compliance have been observed after dynamic contractions in VL tendon (Kubo et al., 2001b; Kubo et al., 2005; Mademli et al., 2008; Ullrich et al., 2007) or in gastrocnemius medialis (GAM) tendon (Mademli et al., 2006) . These findings suggest that the type of contraction or strain rate would determine the severity of tendon fatigue. The effect of strain rate on tendon fatigue resistance has not been investigated in vivo but the mode of failure in knee ligaments of primate specimens changed from a predominance of avulsion fracture at the slow rate to ligament rupture at the fast rate (Noyes et al., 1974) . This indicates that high strain rates increase the likelihood of tendon rupture. Furthermore, if exercise is repeated without sufficient recovery, fatigue effects may accumulate and eventually lead to tendon overuse injuries (Kannus and Josza, 1991; Galloway et al., 1992) . Therefore, this study was designed to investigate tendon mechanical responses to a single bout of exercise, and consequently, hopefully, to help to prevent tendon injuries.
In the literature, the effects of dynamic exercise on tendon properties have only been examined after isolated eccentric and concentric contractions. Thus, there is a need for a study utilizing a large number of impacts at high strain rates that occur during natural locomotion in sports and physical activities. The aim of this study was to investigate human AT fatigue by calculating tendon stiffness before and after a single bout of hopping exercise. Based on data from human specimens, it was hypothesized that Achilles tendon fatigue may be induced after as little as 1000 loading cycles (Wren et al., 2003) . Tendon stiffness was chosen as an indicator of tendon fatigue since its derivative, Young's modulus, has been shown to be a valid indicator of tendon fatigue in specimen studies (Schechtman and Bader, 1994; Schechtman and Bader, 2002; Wang and Ker, 1995a; Wang et al., 1995b; Wren et al., 2003) . , Janne Avela 1 and Taija Finni
MATERIALS AND METHODS
Six males and four females (N10) participated in this study. Their mean mass, height and age were 65±10kg, 171±8cm and 26±3 years (Table1), respectively. All participants were physically active and had diverse sport backgrounds. Participants were informed about the procedures, benefits and possible risks involved in the study, and they signed a written consent. All methods were approved by the ethical committee of the University of Jyväskylä. The study conformed to the standards set by the Declaration of Helsinki. Data were acquired in an ankle dynamometer as illustrated in Fig.1A . To measure torque, the right foot was firmly attached to a pedal with a force transducer (Precision TB5-C1, Raute, Nastola, Finland) installed at a constant distance from the pedal rotation axis. Torque was sampled with a 16-bit AD-board (Power 1401, CED Limited, Cambridge, England) at 1kHz. Seat position was adjusted individually to obtain the following joint angles: ankle 90±3deg., knee 180±3deg. and hip 120±3deg. The axis of rotation of the ankle joint was carefully aligned with the rotational axis of the pedal. Twodimensional displacement of the myotendinous junction (MTJ) of GAM was recorded with a sampling frequency of 50Hz using a 6cm linear array ultrasound (US) probe (UST-5712, Aloka, Tokyo, Japan) and imaging unit (Prosound Alpha 10, Aloka, Tokyo, Japan). US images were captured on VHS tape (Panasonic, Osaka, Japan). A similar procedure has frequently been used in studies of muscle mechanics during physical activities Lichtwark et al., 2007) . The probe was placed 2cm medial to the position where medial and lateral gastrocnemius muscles join. The probe was supported by a custom-made cast, and secured by elastic bandages wrapped around the leg to prevent probe movement during exercise. The lack of movement of the probe was verified by marking the location of the probe on the skin prior to exercise. Movement of the US probe and heel during isometric contractions was controlled by setting two video cameras (Sony HDR-HC3, Tokyo, Japan, 576i at 50Hz) perpendicular to each other. The ground camera captured movement of a heel marker on the posterior surface of the calcaneus, and the side camera captured the coordinates of US probe markers. An electromyography (EMG) electrode pair (Ag/AgCl, 13.2mm 2 , Blue Sensor M, Ambu A/S, Ballerup, Denmark) was placed over tibialis anterior (TA) to quantify antagonist activity during plantarflexions. The location of the electrode pair (interelectrode distance 2cm) was between the muscle mid belly and distal tendon. EMG signals were amplified (gain: 1000) and band-pass filtered (range: 10-1000Hz) before being fed to the AD-board (Power 1401) for sampling at 1kHz. All signals were synchronized by digital pulses.
The timeline and content of the experimental protocol are shown in Fig.1B . Experiments started with tendon pre-conditioning, which is a phenomenon that is characterized by increased stretching of tendon under constant repeated loading in animals (Abrahams, 1967) and humans (Maganaris and Paul, 2002; Maganaris, 2003) . To distinguish short-term tendon conditioning from long-term tendon fatigue, five isometric contractions up to 80% of maximum were performed before the measurements, because this has been shown to be adequate to remove the conditioning effect (Maganaris, 2003) . Isometric maximum voluntary contraction (MVC) force was measured as the best out of three trials. Tendon stiffness was then determined pre-and post-exercise using force and length data from the best MVC and five isometric ramp contractions up to the levels of 80%, 60%, 40%, 20% and 100%, measured at this order. The time between two consecutive isometric contractions was ~1min, and during contraction, isometric target force was maintained for 2s to stabilize the tendon deformation (Fig.2 ). It was assumed that the effects of pre-conditioning were maintained throughout the experiment. The exact time course of recovery from pre-conditioning is not clear in vivo but in vitro, Viidik reported that when static state was achieved, no elastic recovery was observed during the following 240min in resting connective tissue (Viidik, 1973) .
MVC was measured independently before and after the exercise and all ramp contraction target levels (%) were calculated accordingly. A practical consequence of this is that tendon stiffness was determined at a lower absolute force level after the exercise. As demonstrated by in vivo stress-strain curves (Lichtwark and Wilson, 2005) , stiffness is independent of the force in the linear region. Therefore, a constant effort level was preferred over a constant force level (which could not have been guaranteed anyway because tendon force was calculated and not measured).
Two-legged hopping (feet together) on a contact mat (custommade, capacitor switch) was performed until exhaustion. Loading was focused on the triceps surae muscles. Subjects were instructed to hop at their preferred frequency (range: 2.0-2.5Hz) and strongly Subject was tightly anchored between the pedal and back support. Two cameras (side and ground) were set up to record heel and ultrasound probe displacement. The side camera's optical axis was perpendicular to the figure plane and therefore the camera is not visible in the figure. (B)Timeline of the current protocol. Exercise duration varied between subjects from 8min to 22min. MVC, maximum voluntary contraction.
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activate their calf muscles to keep the heels off the ground during the contact phase. During exercise, flight time ranged from 0.2s to 0.4s (coinciding with a jump height of 5-20cm), and the total number of jumps ranged between 1150 and 2600 (Table2).
Magnetic resonance images
Magnetic resonance images (MRI) of the lower right leg were taken one week before the exercise. Lever arm length and tendon crosssectional area (CSA) were analyzed from MRI, which were acquired in axial [repetition time (TR)4500.00, echo time (TE)10.90, flip angle90.00, matrix256ϫ256 and slice thickness7.00mm] and sagittal orientations (TR100.00, TE3.70, flip angle60.00, matrix256ϫ256 and slice thickness5.00mm). CSA was determined by manually outlining the AT in axial images along the tendon from the calcaneus to the GAM MTJ. The smallest CSA (located 1.7-5.1cm from the calcaneus) was used for later calculations (Kongsgaard et al., 2005) . The smallest CSA has the greatest stress concentration, and failures usually begin there during cyclic fatigue tests (Wren et al., 2003) . From sagittal images, AT lever arm length was determined as the perpendicular distance from the midpoint of the superior surface of the trochlea of the talus to the line of action of AT, a method that is similar to that previously used by Maganaris (Maganaris, 2001) and Finni et al. (Finni et al., 2006) . Ankle angle was 90deg. (sole of the foot perpendicular to shank) (Fig.3 ).
Data analysis and processing
AT force (DF) was calculated by dividing measured ankle torque by MRI-derived AT lever arm length. To yield ⌬F, initial tendon force before contraction was subtracted from maximum tendon force at the end of the plateau phase of each isometric contraction as shown in Fig.2 . It was assumed that all plantar flexion force was transmitted through the AT and that the lever arm length remained constant. It is known that AT moment arm does not necessarily remain constant during muscle activity but variations are mainly caused by large joint rotations (Rugg et al., 1990; Maganaris et al., 2000) , which were not observed here (<5deg.), and therefore a constant moment arm is often used (e.g. Fukunaga et al., 1996) . A TA activity correction method (Mademli et al., 2004 ) was applied to the measured force values if necessary. If TA EMG activity was observed during isometric plantarflexion, a counter-movement (dorsiflexion) was performed to produce similar TA EMG activity. Dorsiflexion torque was then added to the plantarflexion torque to estimate true AT force. Seven out of ten subjects produced ankle plantar flexion without TA activity, and for the remaining three subjects, the correction was always less than 5%. Tendon stress was calculated by dividing tendon force by the smallest tendon CSA deduced from MRI.
Tendon elongation (⌬L) was also determined between initial and maximum tendon length during each isometric contraction and the mean of the initial tendon lengths from all trials was calculated. Tendon length was determined as the two-dimensional distance between the AT insertion at the proximal portion of the calcaneus and the MTJ of GAM muscle (Fig.4) . To measure tendon length correctly, heel and MTJ displacements were transformed to a common coordinate system (CS). This was because the heel moved within the laboratory CS whereas the MTJ moved in the US probe CS. The principle of different coordinate systems is presented in Fig.4 . A similar method, although in three-dimensional space, has previously been used by Lichtwark and Wilson (Lichtwark and Wilson, 2005) . On this occasion two-dimensional analysis was considered adequate, because all movement could be restricted to a single plane. Kinematics and US videos were captured and digitized with Vicon Motus (v. 8.5, Vicon, Oxford, England) software. Tendon strain was calculated by dividing tendon elongation by tendon initial length.
Stiffness calculations and statistics
Tendon stiffness was deduced by using the least-squares method to find the line of best fit for ⌬F vs ⌬L pairs from isometric contractions as shown in Fig.5 . Thus, the method takes into account the random variability in tendon force and length measurements because it is based on several pairs of data points. Young's modulus was calculated by replacing tendon force with tendon stress and elongation with strain. To determine stiffness (and Young's modulus) within the linear region, stress levels of 10MPa or above were accepted for analysis (Schechtman and Bader, 2002; Wang and Ker, 1995a 
RESULTS
The main results of the study are summarized in Table 2 . Subjects performed 1150-2600 hops before exhaustion. Neither AT stiffness nor initial tendon length changed due to exercise. Tendon stiffness was 430±200Nmm -1 before and 390±190Nmm -1 after the exercise
[not significant (n.s.)]. Despite the lack of changes in tendon stiffness, there was a significant reduction in maximum force production capacity from 3.5±0.6kN to 2.8±0.7kN (P<0.01).
A negative correlation was found between post/pre ratio of initial tendon length and post/pre ratio of stiffness (-0.622, P0.037) . Interpretation of this is that although neither stiffness nor initial length was significantly changed as a group, possible individual change in stiffness was related to initial length change, with the negative sign meaning that decrease in stiffness was observed together with tendon lengthening (creep). Stiffness also tended to decrease with increasing number of jumps but the correlation was non-significant (-0.527, P0.118). There was no significant correlation between post/pre ratios of maximum tendon force and stiffness (0.423, P0.223). Fig.5 demonstrates a single ramp-derived stiffness against stiffness that was deduced from several ⌬F vs ⌬L pairs over the linear strain region. Stiffness was independent of the method, being 117Nmm -1 (R0.98, P<0.01) when derived from single ramp contraction and 118Nmm -1 (R0.97, P<0.01) when derived from ⌬F vs ⌬L pairs. This observation was repeated in all cases when ramp stiffness was calculated.
The individual tendon CSAs are plotted as a function of the proximal distance from the calcaneus in Fig.6 . Mean AT CSA was 43±11mm 2 and lever arm length 4.9±0.4cm (Table1).
DISCUSSION
The main finding of this study was that neither stiffness nor initial length of the GAM tendon changed after exhaustive high-impact hopping exercise. Despite this, a significant reduction was observed in maximum isometric plantarflexion force (Table2). The results suggest a lack of acute mechanical changes in connective tissue regardless of diminished muscle force production capacity. The findings are in agreement with previous in vivo studies of human tendons that have not found an increase in tendon compliance after static or cyclic exercise (Mademli et al., 2006; Mademli et al., 2008; Ullrich et al., 2007) or after cyclic exercise alone (Kubo et al., 2001b; Kubo et al., 2005) . By contrast, some reports demonstrate that isometric contractions were able to increase VL tendon compliance (Kubo et al., 2001a; Kubo et al., 2001b; Kubo et al., 2005) . This indicates that AT might be more fatigue resistant than VL tendon. Although some mechanical properties of human tendons are similar (Wren et al., 2001) , fatigue resistance may be one property that varies. For example, high-stressed animal tendons showed higher fatigue resistance than low-stressed tendons despite equivalent Young's modulus Pike et al., 2000) . The possibility that AT is more fatigue resistant than VL tendon has to be at least considered. Duration of loading could also be important. Total loading time was 500s (10s times 50 reps) in the isometric experiment by Kubo et al. (Kubo et al., 2005) whereas it was roughly the same in the current hopping task (0.25s times 1885 reps). This suggests that longer duration isometric contractions could have more damaging potential. Interestingly, Wang et al. (Wang et al., 1995b) showed the opposite; fatigue ruptures occur at shorter duration than would be predicted from creep ruptures alone. Similar results were reported by Noyes et al., who reported that connective tissue ruptures dominate over bone fractures at high strain rates (Noyes et al., 1974) . Nonetheless, natural movement rarely includes long duration loadings, and hence the current finding that AT was not fatigued after a single bout of hopping exercise is relevant with respect to human natural locomotion.
Wren et al. reported that in vitro tendons can be ruptured at physiological stress levels (40-60MPa) after 1000 cycles or less if 8% initial strain level is exceeded (Wren et al., 2003) . To estimate this, we assumed that maximal hopping stress roughly equals MVC stress. This was based on observations by Fukashiro et al. (Fukashiro et al., 1995) , who deployed a buckle force transducer technique to demonstrate that peak tendon force (3.8kN) is very similar to the current MVC force (3.5kN) during low-intensity hopping (7cm) such as here (5-20cm). Therefore, calculation of maximum hopping strain yields an average of 5%. This is not enough to exceed the level set by Wren et al. (Wren et al., 2003) , but considering that strain in free tendon is higher (even double) than strain in tendon and aponeurosis combined (which was measured in the present study) (Magnusson et al., 2003; Finni et al., 2003) , there is a good chance that the 8% limit was exceeded in the free tendon. Overall, calculations suggest that the stress and strain conditions set by Wren et al. (Wren et al., 2003) to rupture AT with less than 1000 cycles were probably met in the present study. Wren et al. are the only ones to demonstrate such short times to rupture (Wren et al., 2003) . Also, they are the only ones to report induced rupture for human AT. Cycle times to rupture at comparable stress levels were much higher in tendons of sheep and wallaby (Wang et al., 1995b) , and also in human EDL tendons (Schechtman and Bader, 1997) . The reason for different results could be methodological and due to difficulties in clamping techniques . Wren et al. note that the AT is especially hard to work with and easily leads to non-uniform strain (Wren et al., 2003) . Furthermore, what makes comparison difficult is that there is not always a clear indication of tendon strain during fatigue tests Wang et al., 1995b) . Another disadvantage of cadaver tendons is that they are usually extracted from older donors and therefore suffer from possible tissue degradation and decreased stiffness due to ageing [for a review of ageing, see Reeves (Reeves, 2006) .
AT mechanical properties
Calculated AT force is prone to error in ankle moment arm length and assumptions of how force is distributed among plantar flexor tendons. It has been demonstrated that tendon moment arm changes due to ankle rotation and muscle contraction (Rugg et al., 1990; Maganaris et al., 2000) and that plantar flexion torque is not transmitted by AT only but has a contribution from deep plantar flexors (Finni et al., 2006; Finni et al., 2000) . These possible sources of error are acknowledged here but no compensatory calculations are made, because not enough data is available to reliably estimate the amount of correction that should be used. In any case, a review of the forces in this study shows that they are in good agreement with directly measured tendon forces in vivo. Mean maximum isometric force (3.5kN) was higher than 1-3kN in walking (Finni et al., 1998) , approximately equal to 4kN in hopping (Fukashiro et al., 1995) and lower than 9kN in running at 16kmh -1 (Komi et al., 1992) . Tendon mechanical properties, such as stiffness or Young's modulus, also rely on the ability to determine tendon elongation or strain. The mean maximal tendon strain in this study (6.2%) is within the range given by others (Magnusson et al., 2003; Maganaris and Paul, 2002; Lichtwark and Wilson, 2005) . Mean tendon stiffness (430Nmm -1 ) matches previously reported values under similar conditions by Rosager et al. (Rosager et al., 2002) but is somewhat higher than reported during one-legged hopping (Lichtwark and Wilson, 2005) and lower than calculated for free tendon during isometric contractions (Magnusson et al., 2003) . Maganaris and Paul used a different approach to estimate the contribution of gastrocnemius to the net torque and yielded a stiffness of 150Nmm -1 (Maganaris and Paul, 2002) . Previous reports on Young's modulus have varied around 0.8-1.2GPa (Magnusson et al., 2003; Rosager et al., 2002; Maganaris and Paul, 2002; Lichtwark and Wilson, 2005) and are lower than the current mean (2.0GPa). Differences could be induced by different methodology, because Lichtwark and Wilson used ultrasonography instead of MRI (Lichtwark and Wilson, 2005) , and Magnusson et al. measured CSA at a constant distance (2cm proximal) from calcaneus instead of using the smallest value (Magnusson et al., 2003) . Both groups ended up with a higher tendon CSA, and this could explain their lower value for Young's modulus.
Previous in vitro reports of Young's modulus have determined a range 0.7-1.1GPa for human specimens (Schechtman and Bader, 1994; Johnson et al., 1994; Wren et al., 2001 ) but the comparison to in vivo is not straightforward. The strain value in this study includes free tendon and aponeurosis, and strain of free tendon has previously been shown to be much higher than for aponeurosis in active contractions (Finni et al., 2003; Magnusson et al., 2003) . Therefore, strain in this study might be an underestimate (and Young's modulus an overestimate) compared with in vitro. Fig.5 illustrates typical intra-individual variation, whereby some ⌬F vs ⌬L pairs lie outside the predicted line. These random variations were treated by determining tendon stiffness as the slope of the bestfit line to several ⌬F vs ⌬L pairs. To see how this method compares with stiffness derived from a single ramp contraction, some ramps were analyzed point-to-point. An example of the comparison is shown in Fig.5 ; pre-exercise stiffness that was determined from ⌬F vs ⌬L pairs was 118Nmm -1 (R0.97, P<0.01) while stiffness determined from 80% ramp was 117Nmm -1 (R0.98, P<0.01). The former method was used because it allows analysis of more contractions and hence decreases the possible effect of random error. The methodological origin of trial-to-trial variation could be in the image tracking, because MTJ cannot always be unambiguously defined, especially after exercise when muscles sometimes become swollen and the visual appearance of the US image changes. Physiological variation could be caused, for example, by different activation of plantar flexor antagonists. Tables 1 and 2 indicate that while the correlation values for each line fit to determine stiffness are significant, there is still high interindividual variation in Young's modulus (c.v.0.50). This does not necessarily reflect such a high variety in tendon mechanical properties. More likely, it is due to the high variation in tendon maximal strain (c.v.0.41). As mentioned earlier, free tendon has much higher strain, and therefore individuals with a higher proportion of free tendon tend to exhibit higher GAM tendon strains.
Intra-and inter-individual variation

Conclusions
Even though the maximal force production capacity of young and physically active individuals was reduced (-20%) after a single bout of high-impact hopping exercise (1150-2600 cycles), GAM tendon was not fatigued as evidenced by its unchanged stiffness. As a highstressed tendon, AT might be more fatigue resistant than a number of other tendons in the human body. Although results agree with many previous in vitro studies Schechtman and Bader, 1997; Wang et al., 1995b,) they disagree with the one and only study conducted with human ATs (Wren et al., 2003) . It is possible that clamping problems, often associated to in vitro experiments, could cause premature failure and thus different conclusions about tendon fatigue resistance between in vitro and in vivo. The current observation that tendon was not fatigued seems natural; it proves that the body is able to protect tendon from damage even during high-impact exercise. 
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